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INFORMATION FROM THE SKIN has been identified as an important contributor to joint position sense (8, 10, 20) , lower and upper limb reflex responses (11, 2) , dynamic equilibrium during gait (43, 44) , and whole body postural stability (9, 16, 35) . Skin mechanoreceptors can be classified into four groups based on receptor/afferent firing properties [fast adapting (FA) vs. slow adapting (SA)] and receptive field size [type I (small defined boundaries) vs. type II (large undefined boundaries)]. Functionally, each receptor class can provide unique sensory information, generally classified as skin contact and tangential forces (FAI), indentation pressure (SAI), slips and velocity (FAII), and skin stretch (SAII) (22) . On the foot sole, this type of information can be translated into detailed information about pressure distribution between the feet and contact surface which is important for postural control (16, 24) .
Vestibular input (4, 12) and foot sole skin (24, 35 ) separately contribute to both postural control and vertical orientation. It is also proposed that the integration of skin and vestibular input further facilitates postural control within a gravitational environment (23, 27, 39) , as these two sensory sources are known to provide information regarding orientation and verticality (3, 14) . Space flight is a unique model to explore the challenges of postural equilibrium due to an alteration in vestibular input. In space the gravitational stimulus to the vestibular system is reduced, which significantly alters the vestibular signal during flight and upon return to Earth (1, 6, 44) . This provides an opportunity to explore the relationship between vestibular and skin input, with a natural short-term change to the vestibular system.
Exposure to microgravity results in a range of sensorimotor adaptations, including challenges in postural control (41) . Paloski et al. (30) calculated center of foot pressure (COP) excursions, pre-and post-short-duration flight in shuttle astronauts and observed a postflight loss of stability during gravitational readaptation. These changes in postural stability have largely been attributed to altered vestibular function. It has been proposed that astronauts reweight sensory input during microgravity to compensate for changes in the altered gravitoinertial environment, including increased reliance on visual and tactile cues (6, 37, 43) . It is not yet clear how the central nervous system reweights skin input in the presence of a short-term vestibular disruption.
In the current study we evaluated the sensitivity of foot sole skin in astronauts post-space flight to determine whether central reweighting of skin is manifest as changes to skin perception threshold. Given the complementary role of skin and vestibular input for upright balance control on Earth, it is proposed here that the relative reliance on skin will increase as vestibular input becomes unreliable. Specifically, we hypothesized an increased weighting of FAII input (reflected as an increase in sensitivity) to compensate for the unreliable vestibular input. FAII receptors in particular are known to code high-frequency vibration, which signal slips and dynamic contact between the skin and the environment (22) . These velocity and acceleration codes are akin to information provided through vestibular afferents regarding body movement in the environment (13) .
Changes in skin sensitivity were also compared with deficits in postural equilibrium. If systematic changes in skin sensitiv-ity can be linked to vestibular-related postural deficits, skin sensitivity might be used to predict a decline in vestibular reliability during space flight. Such results would have large implications for space mitigation procedures. Importantly, the unique model of space flight also provides the opportunity to investigate whether the body can naturally change the sensitivity of individual cutaneous receptor types, with potential applications to Earth-focused rehabilitation strategies.
METHODS
Ethical approval. All procedures were approved by the University of Guelph Research Ethics Board which is in agreement with the declaration of Helsinki. The studies were also approved by the NASA Johnson Space Center Committee for Protection of human Subjects (CPHS) and the Human Research Multilateral Review Board (HRMRB).
Participants. Eleven astronauts volunteered to participate and provided informed, written consent for the current study. The average age was 49 years (range 44 -59 years). All astronauts were veteran fliers and flew short-duration shuttle missions (12-16 days) within the timeframe of the study.
General protocol. Skin sensory testing and postural evaluations were collected before and after space flight. Skin sensory testing consisted of vibration threshold and monofilament testing on the foot sole, and postural evaluations were made using computerized dynamic posturography (CDP). Data were collected on three occasions: one testing session at least 30 days prior to launch (denoted L-30), one session on landing day (return; Rϩ0), and one session 2 to 4 days after return (Rϩ2/4). On Rϩ0, data were collected within 1-4.5 h post wheel stop (PWS) of the shuttle at the Kennedy Space Center. Only one participant's preflight data were collected at the Kennedy Space Center. All other testing (L-30 and Rϩ2/4) was completed at the baseline data collection facility (BDCF) at the Johnson Space Center, Houston, Texas. For three crew members we had the opportunity to collect data on the crew transport vehicle (CTV) on Rϩ0, which enabled collection of sensitivity measures within 45 min to 1.5 h PWS, when minimal loading was experienced by the crew.
Subject setup. A foot template was made for each participant from orthopedic foam. The foot rested in the template during vibration testing; the vibration probe extended through a hole in the form and support frame for testing at each foot sole location (Fig. 1A) . Custom foot form templates ensured that a consistent area of skin was tested across data collection days and locations (Fig. 1B) . Participants sat comfortably with eyes closed and wore ear plugs and head phones to eliminate auditory cues associated with the onset of the vibration. They were instructed to press a hand held trigger "as fast as they could, following sensation of a vibration." The right foot was used for all skin sensory testing.
Vibration testing. Skin sensitivity was evaluated using vibration threshold testing at three foot sole locations (great toe, fifth metatarsal head, and heel) and at four frequencies (3, 25, 60 , and 250 Hz). Vibration frequencies were chosen for targeted activation of the four different skin receptors in the glabrous skin of the foot (3 Hz for SAII, 25 Hz for SAI, 60 Hz for FAI, and 250 Hz for FAII) based on the frequencies known to best recruit individual mechanoreceptors in the glabrous skin of the hand (15, 22) . Sinusoidal vibrations were applied to the foot sole via a 2-mm diameter probe attached to a minishaker (model 4810, Bruel and Kjaer, Denmark); the vibration profile was recorded using an accelerometer attached to the probe (4507 B 002, Bruel and Kjaer, Denmark). The small probe tip enabled activation of a focused skin area, resulting in an increased probability of stimulating one/few receptors at a time due to reported receptive field size in the foot sole, 70 mm 2 on average (11, 18) . Prior to the onset of each trial the probe of the minishaker was placed in contact with the foot sole and a preload force of 2N was applied, manipulated by vertical adjustment of the shaker and confirmed with a force transducer (Honeywell International, NJ). Perceptual threshold was reached through step decreases in amplitude at each of the vibration frequencies. Displacement of the vibratory probe was controlled by custom software (Visual Basic) and delivered as a 2-s pulse. Interpulse intervals varied from 1-3 s, and amplitude decreased in a stepwise manner. Each trial consisted of 11 vibration stimuli and began from roughly the same initial amplitude for a given frequency (1-2 mm for 3, 25, and 60 Hz and ϳ50 um for higher frequencies). The participants indicated that they perceived the stimulation by depressing a hand held trigger. Perceived vibration resulted in an amplitude reduction by half of the peak-to-peak amplitude in the next burst, while unperceived trials resulted in an amplitude increase by one half (midway between the last stimuli that was not perceived and the one that was perceived). The threshold was determined as the peak-to-peak displacement of the probe at the lowest perceptible level for each vibration frequency. Three trials were performed at each frequency, and threshold was averaged across the three trials (total of 33 vibration stimuli per frequency, per site). Smaller amplitudes at threshold indicate greater sensitivity. All four frequencies were tested at one site before moving on to the next site to minimize the total testing time. The testing frequencies were randomized at each foot sole location. The testing order of the foot sole location was also randomized across participants. Subjects opened their eyes between each trial and confirmed they were ready to proceed to the next trial.
Monofilament testing. Touch detection threshold was determined at all three locations (great toe, fifth metatarsal head, and the heel) on L-30, Rϩ0, and Rϩ2/4 testing days using nylon monofilaments (Senselab vonFrey Hairs, Somedic, Sweden). Monofilament testing was not performed, during both pre-and postflight sessions, on three crew members due to time constraints; monofilament data were successfully recorded from the remaining eight crew. Participating B: A Foot foam template was made for each subject at the initial testing session and used in all sessions to ensure that the testing site on the sole was consistent across days. subjects remained comfortably seated with eyes closed, with their leg outstretched and foot rested on a stool. Testing location was marked through the appropriate holes in the foot template to ensure that monofilament testing was done at the same location of skin where the vibration was applied. A range of 17 monofilaments were used, which when applied normal (perpendicular) to the surface of the skin apply a known force (0.026 g to 110 g) at the point of buckling. Monofilaments were applied over 1.5 s and removed over 1.5 s. Each trial was preceded with a countdown (3. . .2. . .1. . .) and the participant indicated verbally within 2 s whether they felt contact at each step decrease in force. If the participant correctly perceived the stimulus, lower force monofilaments were applied in a stepwise manner until the stimulus was not perceived, after which the next highest monofilament was applied. At each test location there was the addition of at least one "catch" trial, in which no stimulus was applied. Participants were informed of this and instructed to be confident that they felt a stimulus if reporting a yes response. Threshold was determined to be the lowest force (thinnest filament) which could be perceived at least two thirds of the time.
CTV/BDCF data collection. Three crew members had vibration testing done aboard the CTV at two sites (heel and fifth metatarsal) only. For these crew members, vibration testing was repeated at the BDCF for the heel (to have one consistent site at all locations/days), and then the great toe was tested at the BDCF only. The same vibration protocol was employed on the CTV using the four frequencies. No monofilament data were collected on the CTV. The remaining crew members (n ϭ 8) had all vibration data collected in the BDCF.
Computerized dynamic posturography. CDP (EquiTest, NeuroCom International, Clackamas, OR) was used to evaluate postural stability on the three test days (L-30, Rϩ0, Rϩ2/4). CDP testing utilizes a force plate and kinematic markers to assess the center of pressure and head movements, respectively. Three trials of sensory organization testing (SOT) were performed on each participant; SOT 2, standing balanced with eyes closed; SOT 5, standing eyes closed and a sway-referenced platform; and modified SOT 5(M), standing eyes closed and a sway-referenced platform with head moving (anterior/ posterior head movements synched to a sinusoidal tone played through headphones). Detailed analyses of CDP data collection and analyses have been published elsewhere (42) . Briefly, subjects stood on dual force plates that measured forces and moments. Kinematic markers were used to track head position (Optotrak, Northern Digital, Waterloo, ON, Canada). Force plate data were used to calculate COP sway information as a measure of balance control. A total equilibrium (EQ) score was calculated as a percentage of peak sway relative to the theoretical limits of stability. EQ scores toward 100% indicate a high level of stability, and those that tend toward zero indicate instability or a fall (0).
Data analysis. Peak-to-peak (pk-pk) displacement (amplitude) of the probe during each trial of vibration testing was calculated from the acceleration signal using the following equation at each time point of the trial:
where d is displacement, a is acceleration, and f is frequency of the vibration. Pk-pk displacement was averaged over the 500 ms preceding the trigger push in each trial to provide mean amplitude. Due to busy training schedules preflight, and exhaustion postflight, crew were monitored for fatigue during the testing. All trials for all subjects were rigorously examined; trials that were greater than 2 standard deviations of the mean for that site and frequency (and testing day) were flagged and examined for equipment malfunction or any irregularities/ off-nominal events noted during the trial (evidence of subject fatigue, subject talking, etc.). If such an event occurred, the trial was omitted from further analyses. In total, of 1,177 trials that were performed overall, 56 trials were excluded (less than 5%). The data were filtered using a zero lag, low-pass Butterworth filter with cutoff frequencies of 5, 30, 70, and 400 Hz (for 3, 25, 60, and 250 Hz vibration, respectively). To calculate sensitivity we represented amplitude changes with respect to baseline. All amplitude values at a given frequency were normalized to the value two times the highest amplitude recorded across all 3 days for that particular frequency (suprathreshold value). The normalized values were all expressed as a percentage of baseline values (L-30). Therefore, each baseline value (L-30) was 100% of baseline sensitivity, and the values on Rϩ0 and Rϩ2/4 were a percentage of baseline sensitivity showing either increases or decreases (or no change) in sensitivity across days.
Statistical analysis. Two-way repeated-measures analyses of variance [ANOVAs; foot sole location (3) X testing day (3)] were used to compare the amplitude at threshold for each vibration frequency and for monofilament threshold. Normality of the data was assessed using the Shapiro-Wilkes test and data were corrected to normal with a log transform when necessary. Data were tested for sphericity using Mauchley's test and corrected using a Huynh-Feldt adjustment when necessary. Changes in sensitivity were examined across subjects and frequencies to see which subjects experienced changes compared with baseline values. At 250 Hz a dichotomy of subject responses was observed and the subjects were classified as "hypersensitive" (n ϭ 6) and "non-hypersensitive" (n ϭ 5) for further analyses. Where appropriate, post hoc analyses were performed using Tukey's with corrected P values for multiple comparisons. Mean EQ scores for balance were compared between the hypersensitive and non-hypersensitive group using Mann-Whitney independent samples nonparametric test. Analyses were also performed for the three subjects for whom data were collected on the CTV. Student's paired t-tests were used to compare vibration data collected in the BDCF and the CTV for the heel. For all tests, significance was determined at P Յ 0.05. All statistical analyses were performed using SAS (SAS Institute, Cary, NC).
RESULTS

CTV vs. BDCF vibration sensitivity data. For 8 of 11
subjects, all data were collected at the BDCF. Three of the 11 subjects had a subset of data collected on the CTV. The heel site was collected across both data locations (BDCF and CTV) to assess any change in sensitivity (due to time passed and loading following egress). A paired t-test indicated no significant differences in threshold between the BDCF and CTV (P ϭ 0.23). As a result, available data were used from the CTV for all three subjects for both heel and fifth metatarsal head. Remaining data collected at BDCF were used for all subjects and locations.
Overall sensitivity across foot sole sites. Vibration data were examined across the three sites (great toe, fifth metatarsal head, and heel) and four frequencies (3, 25, 60 , and 250 Hz) each of which targeted a specific group of cutaneous receptors. Sensitivity was found to differ significantly across the foot sole regions, with main effects of site for 25 Hz (F 2,19 ϭ 12.87, P ϭ 0.0003), 60 Hz (F 2,20 ϭ 6.09, P ϭ 0.0086), and 250 Hz (F 2,20 ϭ 10.25, P ϭ 0.0009). Post hoc comparisons revealed that the fifth metatarsal demonstrated a significantly lower threshold at both 25 and 250 Hz vibration relative to the heel (P ϭ 0.0002, P ϭ 0.0078) and great toe (P ϭ 0.0299, P ϭ 0.001) (Fig. 2) . The fifth metatarsal and the great toe both demonstrated a significantly lower threshold than the heel at 60 Hz, P ϭ 0.0123 and P ϭ 0.0273, respectively. This is consistent with previous literature that indicates decreased skin sense at the heel and greater sensitivity across the metatarsals (16, 28) .
Sensitivity compared across foot sole site and testing day. To assess whether any changes were seen preflight to postflight, data were compared across days. Additionally, it was of interest to examine any receptor specific effects, which would be identified through the different frequencies. Overall, main effects of day were found for certain frequencies but no interaction effects of site ϫ day were found for any frequency.
Threshold amplitudes in response to the 3-Hz vibration (which targets slow-adapting type II receptors) showed no differences across the three foot sole sites (F 2,19 ϭ 1.08, P ϭ 0.99, Fig. 2 ), but threshold amplitude did change across the three testing days (F 2,20 ϭ 8.69, P ϭ 0.004). Tukey-Kramer post hoc analyses revealed that threshold amplitude on Rϩ0 (654.5 um, SD ϭ 514 um) was significantly greater than on L-30 (271.6 um, SD ϭ 101 um) and Rϩ2/4 (269.9 um, SD ϭ 161 um). An increase in threshold suggests a decrease in sensitivity on landing day with a return to baseline 2 days following landing (Fig. 3) .
Threshold amplitudes following 25-Hz vibration (which targets the slow-adapting type I receptors responsible for pressure information; SAI) showed significant differences across testing days (F 2,20 ϭ 5,36, P ϭ 0.0136). The average threshold was significantly greater (decreased sensitivity) on Rϩ0 (85.6 um, SD ϭ 41 um) compared with L-30 (64 um, SD ϭ 42 um; P ϭ 0.0299) and Rϩ2/4 (62.78 um, SD ϭ 42 um; P ϭ 0.04; Fig. 3 ).
For both frequencies designed to target activation of the fast-adapting receptors (FAI and FAII) there were no significant differences found in threshold across testing days; 60 Hz (F 2,20 ϭ 1.25, P ϭ 0.3093) or 250 Hz vibrations (F 2,20 ϭ 1.18, P ϭ 0.3275). A trend of increased sensitivity appeared for the fifth metatarsal and heel at 250 Hz across days (Fig. 3) but did not reach significance (Fig. 4A ). Based on a priori hypotheses of reduced thresholds at 250 Hz, we investigated whether mean scores were masking any individual changes in sensitivity. Amplitude values were examined to determine the direction of change from baseline values to Rϩ0 in either direction (increase or decrease). Following further assessment there appeared to be a dichotomy in responses: four participants showed a decrease in sensitivity; one showed minor/no change, and six participants increased in sensitivity. These changes are represented visually as sensitivity change from baseline in Fig.  4B . This dichotomy of responses (five non-hypersensitive, six hypersensitive) potentially represents two unique strategies to accommodate to microgravity, the effect of which are lost in the group average. As a result, a focused examination of the six participants (termed hypersensitive group) was undertaken. Targeted analysis of the 250-Hz thresholds for the hypersensitive group revealed a significant main effect of day (F 2, 10 ϭ 4.89, P ϭ 0.033) where amplitude on Rϩ0 (11 um, SD ϭ 7.6 um) was significantly decreased compared with L-30 amplitude (20 um, SD ϭ 14.1 um; P ϭ 0.013), reflecting an increase in sensitivity at this frequency (Fig. 5A) . Interestingly, threshold amplitude at Rϩ0 was not significantly different than that recorded for Rϩ2/4 (13 um, SD ϭ 9.9 um; P ϭ 0.11), suggesting that sensitivity to this frequency remained elevated, even after a few days recovery in a gravitational environment. The hypersensitivity data at 250 Hz indicates an increase in sensitivity for skin receptors that are known to code for velocity and slips across the foot sole. Repeated-measures Fig. 2 . Amplitudes at threshold for a population of astronauts (n ϭ 11). Data are pooled across days (L-30, Rϩ0, and Rϩ2/4) to compare amplitudes at different sites tested on the foot sole (regardless of day tested). Amplitudes are given in um, and error bars represent standard error of the mean (SE). Amplitudes at threshold for vibration of 25 Hz were significantly greater at the heel compared with the fifth metatarsal. For vibration at 60 Hz, threshold amplitudes were significantly greater at the heel than at the great toe (*P Ͻ 0.05).
ANOVA revealed no main effects of site (F 2, 8 ϭ 3.69, P ϭ 0.09) or day (F 2, 8 ϭ 4.41, P ϭ 0.07) or site ϫ day (F 4,12 ϭ 0.79, P ϭ 0.55) for the non-hypersensitive group (n ϭ 5). This suggests that no consistent changes in sensitivity occurred in response to the 250-Hz vibration in this group. It is interesting to note that threshold amplitude at baseline was significantly higher for the hypersensitive group (25.4 um, SD ϭ 14.3 um) compared with the non-hypersensitive group (8.3 um, SD ϭ 5.4 um; P ϭ 0.0011).
Monofilament data. Monofilament data were collected for only eight crew members as time constraints prohibited collection on three crew members. Monofilament data were also not collected for some subjects on Rϩ0 (n ϭ 1) and Rϩ3 (n ϭ 3), resulting in complete monofilament data sets for only four subjects. Statistical analyses of monofilament thresholds revealed significantly lower threshold values at the great toe compared with the fifth metatarsal or heel (Table 1, Computerized dynamic posturography. Equilibrium scores calculated from CDP testing were significantly different across days for all three SOT conditions. EQ scores for SOT 2 were significantly decreased on landing day compared with L-30 (P Ͻ 0.001) and Rϩ2/4 (P Ͻ 0.001) which was also seen for SOT 5 (Rϩ0 Ͻ L-30, P ϭ 0.01; Rϩ0 Ͻ Rϩ2/4, P ϭ 0.0019) and SOT 5 with head moving (Rϩ0 Ͻ L-30, P Ͻ 0.0001; Rϩ0 Ͻ Rϩ2/4, P Ͻ 0.0001). When the groups were divided into hypersensitive and non-hypersensitive individuals, there were no "between group" differences for SOT 2 and SOT 5 head moving (i.e., dividing into groups based on hypersensitivity had no effect on the group results for these two SOT conditions). For SOT 5, however, the hypersensitive group had significantly reduced EQ scores on landing day (Rϩ0 Ͻ L-30, P ϭ 0.019; Rϩ0 Ͻ Rϩ2/4, P ϭ 0.0073), but this was not seen for the non-hypersensitive group (P ϭ 0.19; P ϭ 0.06). Mann-Whitney independent samples test confirmed that the performance on SOT 5 was significantly different between the hypersensitive and non-hypersensitive group on landing day (38.8 vs 75.8; P ϭ 0.03). This suggests that in the condition of SOT 5, which is aimed at testing vestibular function, participants with hypersensitivity to 250 Hz performed worse than participants who did not display hypersensitivity (Fig. 5B) . No differences in CDP scores were observed between the two groups at baseline.
DISCUSSION
We have demonstrated changes in skin sensitivity following short-duration space flight. Skin sensitivity of the foot sole was altered from baseline in a population of astronauts following missions (12-16 days) aboard the Space Shuttle and International Space Station (ISS). Overall an increase in vibration threshold at low frequencies was found, indicating a decreased sensitivity to slow-adapting receptor input. Increased sensitivity to high-frequency vibration (250 Hz) was found for 6 out of 11 subjects indicating an increased sensitivity to velocity and high-frequency information, reflecting increased weighting of FAII receptor input in these subjects. As a group, these "hypersensitive" subjects displayed significantly reduced EQ scores postflight (greater deficits) in postural tests that rely heavily on vestibular input (SOT 5). Thus it is hypothesized that sensitivity to FAII input is increased, in the attempt to compensate for vestibular deficits.
Selective changes in sensitivity. The current work provides evidence that during space flight the central nervous system (CNS) may selectively increase or decrease the weighting of individual channels of skin receptors. Overall, sensitivity to 3 and 25 Hz was decreased on landing, suggesting that input from slow-adapting receptors is reduced centrally. These receptors signal skin stretch (SAII) and pressure (SAI) (21) and as such can detect load changes between the feet and the ground surface on Earth which is important for postural control. In microgravity, the feet are unloaded and the signaling of such load changes may be unnecessary or inappropriate. The CNS may therefore reduce the gain of these receptors centrally. Reduction in cutaneous load receptor input during space flight has been noted previously and linked to decreased lower limb muscle activity associated with exposure to microgravity (36) . Further, mechanical stimulation of the foot sole during "dry immersion" (7 days of unloading) counters the decline in muscle integrity (stiffness, contractile properties, force-velocity relationship) typically observed in this paradigm (19, 25, 28) . Further work involving bed rest and prolonged unloading is needed to tease out the role of central, vestibular-driven mechanisms and peripheral mechanisms associated with lack of weight bearing.
In a subset of subjects, sensitivity was increased to 250-Hz vibration, likely reflecting an increase in sensitivity to input from FAII receptors. Information from rapidly adapting receptors may be targeted to specifically compensate for the loss of acceleration and velocity signals typically provided by the vestibular system (13) . Sensory reweighting following space flight has been suggested previously for the visual, vestibular, and somatosensory systems (37) , but a specific increase in skin sensitivity has not been shown. In previous work using alcohol consumption to induce a short-term vestibular perturbation, baseline vibration sensitivity to high frequencies was strongly correlated with postural control (26) . After alcohol consump- Fig. 4 . A: Changes in sensitivity with respect to baseline for each frequency across foot sole sites. Lines of different color/dashes represent different vibration frequencies. It is interesting to note that the largest increase in sensitivity is seen for 250 Hz at the heel (dashed line). This was not apparent in the group statistics for this frequency and no interaction effects were found for site X day. Individual changes may be masked by group averages. B: Histogram representing sensitivity changes across participants (n ϭ 11). Participant values are sorted from greatest decrease in sensitivity to greatest increase in sensitivity. Dotted lines represent 10% increase or decrease in sensitivity at Rϩ0 from baseline. Six participants increased sensitivity, one showed minor or no change, and four participants decreased sensitivity. Plots to the right represent the % increase or decrease in sensitivity at 3, 25, and 60 Hz. Participants are presented in the same order as in the 250-Hz histogram to allow comparison of sensitivity changes across participants. tion, participants may have relied more heavily on fast-adapting receptors suggesting that fast-adapting receptors are of increased importance when vestibular input is unreliable.
It is interesting to note that group differences in postural control were observed between hypersensitive and non-hypersensitive participants in spite of an overall decrease in slowadapting receptor sensitivity. Moreover, if a subset of skin sensitivity is increased to compensate for vestibular loss, improvement in postural control might be expected. The SOT 5 test involves a sway-referenced platform, rendering somatosensory input artificially unreliable, and decreases the ability of participants to utilize tactile cues even in control situations. Participants rely mostly on vestibular input for balance in this task and, as such, poor performance on this task can be attributed primarily to decreased vestibular function (30) .
Anecdotal evidence from the astronauts also supports the finding of selective changes in skin sensitivity. Returning crew described foot sensations as "spongy" or "tingling" upon return to a gravitational environment after both short-and longduration space missions (unpublished observations reported to investigators). The electrical stimulation of single FAII afferents is known to cause a percept of flutter or vibration along the receptive field of the mechanoreceptor (21) . It is possible that increased neural activity along the FA sensory channel (manifest as increased sensitivity) results in the perception of tingling or flutter once back in a gravitational environment. Skin mechanoreceptors are often grouped together and thought to act as one single sensory system. However, the current work provides evidence that the sensitivity of individual skin channels may be selectively increased or decreased by the CNS and highlights their importance as unique and distinct sensory sources.
Although our primary hypothesis supports the idea that central mechanisms play the largest role in the sensitivity changes observed, we cannot rule out the role of peripheral mechanisms. Exposure to microgravity may affect skin receptor responses through changes to the skin mechanics (stiffness or hardness) or to the peripheral nerves, though there is little record in the literature of changes to foot sole skin after space flight. Additionally, it may be unlikely to observe increased sensitivity in a subset of cutaneous receptors and clear decreases in sensitivity in others if mechanics of the skin were primarily contributing to these changes. As an analog to microgravity, unloading of the hind limbs in rats results in increased pressure sensitivity in the glabrous skin of the hind paw (4) . However, in a recent study, no histological changes in skin or peripheral nerves were found after 4 wk of unloading to account for the hypersensitivity. The authors suggest that increased stress levels in the animals may actually be the largest contributing factor to hypersensitivity (in the hind limb suspension model) (38) . To our knowledge, vibration sensitivity of the skin has not been evaluated in this model. Further work is needed to tease out the role that peripheral mechanisms play in skin sensitivity following space flight, especially as more substantial peripheral changes may be expected following longer-duration missions.
It is important to note that hypersensitivity to FAII input was found for a subset of participants (n ϭ 6). This was not simply an effect of a global increase in sensitivity across frequencies (not detected in group averaged data) as the majority of these individuals experienced decreased sensitivity to 3 and 25 Hz at the heel (Fig. 4B) . Hypersensitivity in a subset may reflect interindividual differences in sensory adaptations to microgravity as no systematic differences in age, mission duration, mission activities, or previous missions/flight durations were able to account for the difference between these individuals and those who did not experience hypersensitivity. Hypersensitive participants were found in all four missions, were all veteran fliers (as were all participants in the study) and performed similar ranges of activities in-flight, and had a similar mean age (49 years) compared with non-hypersensitive crew (48 years). As such, selective hypersensitivity in these subjects may reflect a greater reweighting of dynamic skin input for these individuals as a specific compensatory mechanism. Young et al. (42) found individual differences in the ability of added tactile cues (loading the feet via bungee cords) to decrease subjective self-rotation induced by a rotating visual field in space flight. Strong feelings of vection induced by the rotating field are thought to be caused by a lack of vestibular cues to indicate that no self-rotation is occurring. For some individuals the added tactile cues subjectively reduced or slowed onset of the sensation while for some it eliminated it completely, suggesting a range in the ability to utilize tactile input to compensate for vestibular deficits.
Monofilament data collection. Monofilament collection was included to determine if it could be a useful method to evaluate changes in skin sensitivity, as a kit of monofilaments may be easier to utilize during long-duration space missions. However, monofilament data did not directly support the vibration results, as no statistical difference was found across days. This may be due to reduced sample size (eight subjects; full data set for only four); however, previous work also found discrepancy between monofilament and vibration data in larger sample sizes (34) . Monofilaments are able to detect large differences in sensitivity such as differences between older and younger adults (31), peripheral neuropathy (34), or, as in the current study, differences between foot sole sites (29) . Monofilaments seem to lack the sensitivity to reliably detect more subtle but functionally relevant changes in sensitivity such as the gradation of neuropathy (34) or the onset of age-related changes (31) . Therefore, monofilaments were likely not sensitive enough to detect the changes in threshold sensitivity with microgravity that were seen across days and were flagged by vibration which detects change with higher resolution.
Space flight application. Hypersensitivity was apparent at 250 Hz for a subpopulation of astronauts (n ϭ 6). Based on the relationship seen between increased sensitivity and increased "vestibular-driven" balance deficiencies for this group (apparent on the SOT5 test), which was not apparent with the non-hypersensitive group, we propose that changes in skin sensitivity may be used as a predictor of vestibular deficits.
The long-term application would be the potential to test sensitivity to high-frequency vibration in long-duration space flight with the goal of ascertaining the degree of vestibular deficit; the level of skin hypersensitivity could be used as a marker for deficits in vestibular input. It is unknown whether this relationship is linear or what the time course is; this remains to be established. Evidence of hypersensitivity could alert space flight teams to individuals with heightened vestibular deficits and potentially reduced postural capabilities. In addition, participants who became hypersensitive had higher thresholds to 250 Hz as a group at baseline. Future work should consider the ability of initial skin sensitivity to be used as a predictive marker for both hypersensitivity and vestibular/ postural deficits. With our small cohort, these data should be considered preliminary, and there is need for further testing to confirm these hypotheses.
On-Earth application. Older adults are known to have a greater probability of falls as they age (7) in part due to decreased skin sensitivity (31, 40) . Devices have been implemented to improve skin input either through raised edges on insoles (32) or by changing skin threshold via vibration (33) . Vibration is thought to bring cutaneous afferents closer to firing threshold to enable the appropriate trigger of skin input during everyday tasks (33) . Vibration applications to date utilize insoles that generate subthreshold white noise vibrations. By using a large-frequency spectrum these devices are able to target skin receptors across the four different afferent types (15) . It is unknown whether targeted vibration of specific receptors may help to refine these rehabilitation devices to make them more effective. Our research demonstrates that the body is able to selectively alter different skin "channels" based on their importance in a given environment. This may give us a window into which receptors are more important for orientation and dynamic movement in a gravitational environment.
Limitations. There are two potential limitations in the current project: sample size and compliance. While space research usually affords small sample sizes, we were fortunate to successfully recruit 11 astronauts across 4 shuttle missions. Based on biological variability and individual adaptations to space travel there were clear differences in our outcome measures across the participants. As such, in addition to the calculation of mean values, individual crew data were also assessed. Division into groups based on response may have lowered our statistical power but enabled us to identify a subgroup of "responders" who demonstrated physiologically meaningful changes in sensitivity.
An additional limitation was our inability to control for subject compliance. Due to the novel nature of the data and the unknown timeline of effects postflight, subjects were instructed to remain off of their feet as much as possible prior to testing. Following the shuttle landing, astronauts participate in a media session and orbiter "walk about" prior to return to the BDCF where testing is completed. We were able to collect data from three astronauts aboard the CTV, within minutes of their egress from the shuttle. Comparisons between CTV and BDCF data for these three astronauts suggests that despite the intermittent foot loading, skin sensitivity changes are maintained beyond the period of BDCF testing. Of note, one astronaut who was sampled on the CTV presented with the largest hypersensitivity at 250 Hz. This was consistent across CTV and BDCF data.
In summary, we have demonstrated selective changes in skin sensitivity following short-duration space flight. Decreased sensitivity was found for slow-adapting pressure receptors (low-frequency vibration perception) whereas sensitivity was increased for fast-adapting velocity receptors (high-frequency vibration). Hypersensitivity of fast-adapting receptors was linked to reduced EQ scores in postural tests that rely heavily on vestibular input (SOT 5). Thus it is hypothesized that sensitivity to FAII input is increased, in the attempt to compensate for vestibular deficits. We propose that changes in skin sensitivity may be used as a marker for vestibular deficits in-flight. Selective changes in skin sensitivity in different environments may also help in the development of targeted vibration interventions for fall prevention in older adults.
